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The LOFAR radio telescope measures the radio emission from extensive air showers with un-
precedented precision. In the dense core individual air showers are detected by hundreds of
dipole antennas. By fitting the complex radiation pattern to Monte Carlo radio simulation codes
we obtain measurements of the atmospheric depth of the shower maximum Xmax with a precision
of < 20 g/cm2. This quantity is sensitive to the mass composition of cosmic rays.
We discuss the first mass composition results of LOFAR and the improvements that are currently
being made to enhance the accuracy of future analysis. Firstly, a more realistic treatment of the
atmosphere will decrease the systematic uncertainties due to the atmosphere. Secondly, a series of
upgrades to the LOFAR system will lead to increased effective area, duty cycle, and the possibility
to extend the composition analysis down to the energy of 1016.5 eV.
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1. Introduction
Radio detection of air showers [1] is a rapidly developing technique, that offers promising
possibilities to accurately measure the air shower energy and the atmospheric depth of the shower
maximum, known as Xmax [2, 3]. The technique can be used in combination with established
techniques such as fluorescence detection and surface detection. Dense antenna arrays like the core
of LOFAR [4], or the low-frequency part of the future SKA observatory [5], are useful for detailed
verification of our understanding of the emission mechanism and the accuracy of radio simulation
codes. Moreover, they allow Xmax measurements with a precision of <20 g/cm2 or even better
[6]. The dense antenna distribution comes at the expense of a limited instrumented area, which
leaves a study of ultra-high-energy cosmic rays up to the cut-off out of reach. However, air shower
measurements with LOFAR and SKA are of particular interest for mass composition studies at
energies between the second knee and the ankle [7, 8].
LOFAR is a digital radio telescope constructed in the Netherlands with satellite stations across
Europe. It consists of thousands of dipole antennas, operating in the frequency range of 10−
240 MHz. It produces extremely detailed air shower radio data, by using the dense core region,
or superterp, where 384 antennas are located within a circle of 320 m diameter. A particle array,
LORA [9], has been installed on the superterp and is used for triggering and reconstruction. Each
antenna contains a ring buffer which is read-out in case of a trigger. The full waveform is stored
for offline analysis [10].
The radio emission of air showers results from a combinations of geomagnetic and charge
excess radiation. To correctly calculate it, it is also needed to take into account the relativistic
propagation effects due to the small but finite refractivity of air (see references in [1]). The inter-
ference of these contributions causes an azimuthal asymmetry of the distribution of radio power on
the ground. It is also the cause of the location-dependent polarization angle [11] and even a small
but measurable amount of circular polarization [12]. To reach a high precision reconstruction of
the air shower a two-dimensional fit is developed that takes into account the asymmetrical nature
of the emission [3]. The first LOFAR composition results based on this method are shown in Fig. 2
[13].
The largest systematic uncertainty in the LOFAR Xmax reconstruction is due to effects of the
variation of the index of refraction in air [13, 14, 16]. In previous studies, we relied on COR-
SIKA [17] simulations using the US Standard Atmosphere. Furthermore, the radio emission code
CoREAS [18] internally uses a linear scaling of the refractivity with air density, only accepting a
variable ground level value for the index of refraction as input. In reality though, the refractivity
depends on the relative humidity, which can vary significantly with altitude.
In order to reduce the uncertainties, we have developed a tool that extracts realistic profiles
for the air density and index of refraction as a function of atmospheric depth. An upcoming re-
lease of CORSIKA will include this code as well as adaptations that make it easy to run COR-
SIKA/CoREAS with these additional input files. We have revised our simulation pipeline and plan
to soon start new simulation production based on this and other improvement. In these proceedings
we describe the updated simulation pipeline and other future improvements to LOFAR cosmic-ray
detection.
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2. Simulation pipeline
Reconstruction of air showers with LOFAR is based on the production of dedicated sets of
simulations for each detected high-quality air shower1. There are two reasons for this. Firstly, the
shape of the radio profile on the ground depends not only on the azimuth and zenith angle, but also
on the angle with the geomagnetic field. Parametrizations of these profiles exists but will not yield
the same resolution on Xmax that full simulations provide [19].
Secondly, LOFAR antennas are not placed on a regular grid but in dense rings with spacings
in between. This makes it nearly impossible to construct criteria on the energy, core location and
arrival direction for which a 100% detection efficiency is reached. Instead of defining such criteria,
we evaluate for each measured shower whether or not the detection efficiency is near 100%. This is
done by creating a set of CORSIKA showers that have the same energy, arrival direction and core
position, but cover the natural range of Xmax values. Only if all showers in the set trigger LORA
and pass the high-quality criterium, the shower is included in the mass composition analysis.
The number of simulations needed to reconstruct the shower and evaluate a possible compo-
sition bias is optimized with CONEX [20], which allows us to quickly produce the longitudinal
profiles for hundreds of showers. Now, it is possible to select a subset of these showers for subse-
quent full CORSIKA simulation. We choose this subset by first selecting the two proton showers
with the highest and lowest value for Xmax . Then, we select nine more proton showers with inter-
mediate values, (nearly) equally spaced between the extreme values. Since the range of Xmax values
for iron showers is much narrower, we select a total of five iron showers using the same algorithm.
This procedure assures that the simulation set can be used for the bias test.
Finally we add eleven additional shower simulations close to the estimated Xmax of the mea-
sured shower to increase the resolution of the reconstruction. This estimation is given by fitting a
parametrization of the radio signal [19] to the data, that has a resolution of ∼ 40 g/cm2.
Another advantage of having dedicated sets of simulations per shower is that we can use at-
mospheric description that closely match the conditions during the actual measurement, instead of
profiles that are averaged over years or months. In particular, the radio emission is sensitive to fluc-
tuations in the humidity which change over much shorter time scales. The up-to-date profiles are
based on data from GDAS [15] and a detailed description of the procedure can be found elsewhere
in these proceedings [16].
The radio emission is simulated for antennas in a star-shaped pattern in the shower plane.
The LOFAR low-band antenna model is applied to the simulated electric fields to calculate the
measured signals in the two dipoles. The measured pulse power is defined as the total power in
a 55 ns window centered around the pulse maximum, summed over both polarisations. Finally, a
two-dimensional map of the pulse power is created by interpolating the star-shaped pattern. More
details are found in [3].
A GEANT4 simulation is used to calculate the lateral distribution of the energy deposited in
the LORA scintillators. These simulations are needed to test whether all simulated showers would
indeed trigger the LORA detector. They are also included in the shower reconstruction.
1High-quality currently means that at least four rings of LOFAR low-band antennas should be able to independently
reconstruct the shower direction that is in agreement with the LORA particle reconstruction. However, this requirement
could be relaxed in the future.
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3. Reconstruction
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Figure 1: Left: event reconstruction. The small circles indicate LOFAR antenna positions (grouped in larger
circles) projected into the shower plane. Their color indicates the measured power of the radio pulse. The
background is the two-dimensional simulated radio power map. The fit quality is high when the colors inside
the circles blend into the background. Right: reconstruction of Xmax. Every data point corresponds to a single
simulated shower. Together they form the dedicated simulation set produced for this particular shower. The
reduced χ2 of the fit is plotted against Xmax and a parabola is fitted to find the optimum Xmax . The inlay is a
zoomed-in version of the minimum of the curve demonstrating the its sharpness. Purple squares correspond
to iron showers and blue circles to proton showers.
The radio and particle profiles are fitted to the data simultaneously. The fit has four free
parameters: two for the shower core position and scaling parameters for both the radio and the
particle profiles. Inclusion of the particle data in the fit does not have much effect on the fitted core
position in practice. However, it acts as an additional consistency check and sets the energy scale.
The analysis presented here does not yet include the absolute calibration of the antennas [21] so
the scaling parameter for the radio power has an arbitrary value. In effect, the ratio of two scaling
parameters also has an arbitrary but constant value. The width of the distribution of this parameter
is a measure for the energy resolution of the reconstruction, which is 32%.
The reduced χ2 of the fit is very sensitive to Xmax as is seen in Fig. 1. The minimum of
the χ2-curve is found by fitting a parabola to the points near the lowest value. The curve is not
smooth because shower-to-shower fluctuations other than variations in Xmax . In order to obtain a
robust parabola fit, data points that have neighbours on both sides that have a lower χ2-value are
excluded from the fit. Monte Carlo simulations have shown that this produces a significant increase
in Xmax resolution.
4. Results
The two main results from the first LOFAR composition analysis are shown in Fig. 2. The
left panel displays the LOFAR Xmax measurements in comparison with other experiments based
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Figure 2: Left: mean Xmax as a function of energy. The LOFAR results are in agreement with results
based on different techniques within systematic uncertainties (Auger systematic uncertainties are indicated
with purple bars [22]). The green lines are for pure proton composition and the red lines for pure iron
(dashed: EPOS-LHC, solid: QGSJETII). Right: cumulative distribution of a for LOFAR data (blue; with 1σ
uncertainty band) and different compositions. A four-component model is required to reproduce the data.
on other techniques. The error bars represent 1σ statistical uncertainties and the shaded region
indicates the systematic uncertainty.
The right panel shows the cumulative distribution of a, a parameter that indicates the position
of the Xmax value of a particular shower relative to the simulated mean for pure proton (a= 0) and
pure iron (a = 1) lines. A pure proton composition would yield a broad distribution of a around
a = 0, while a pure iron composition corresponds to a narrow distribution around a = 1. The
measured distribution can now be fitted with multi-component models. The minimum number of
components required to achieve a good fit is four (proton, helium, nitrogen, iron). A full scan of
the allowed parameter space yields a large contribution of light elements. Although there is a large
uncertainty in the contribution of individual elements, the total fraction of light elements (p+He)
is well constrained. It has a best fit value of 0.8 and lies within the range [0.38,0.98] at a 99%
confidence level for QGSJETII. More details are found in [13].
5. Systematic uncertainties due to the atmosphere
As mentioned above, the systematic uncertainty on Xmax is currently dominated by atmo-
spheric uncertainties. Fluctuations in air density and humidity reduce the resolution on Xmax .
Moreover, since the original simulations used an index of refraction on ground level that corre-
sponds to 0% relative humidity, the reconstructed value for Xmax is expected to shift to larger
values for realistic atmospheres. In the original analysis, this led to an asymmetric total systematic
uncertainty of +14/-10 g/cm2.
Interestingly, another contribution to the total systematic uncertainty is an observed zenith
dependence on the mean value of Xmax . Since this can also be the result of using inaccurate
atmospheric profiles, this dependence may reduce for the new simulations based on GDAS profiles.
Indeed, this would be a confirmation that the new profiles are more realistic than the older. A more
detailed account on the various systematic uncertainties is found in [13].
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6. Future extensions
Figure 3: Detection probability for proton showers (solid) and iron showers (dotted) for different energies
and zenith angles, as a function of number of particle detectors required for a trigger. In a hybrid triggering
scheme, a detection efficiency of 100% down to 1016.5 eV is achieved by reducing the amount of required
triggers. The precise amount depends on the area under consideration. For this plot only showers having a
core inside the superterp, i.e. within 160 m of the LORA core, are considered.
The improved simulation pipeline is expected to yield more accurate measurements of Xmax ,
but the composition analysis still suffers from low statistics. For the (near) future, several upgrades
are planned that will increase the number of unbiased showers.
• LORA expansion Twenty more particle detectors will be installed at five LOFAR stations
(rings of antennas) near the superterp. This will both increase the effective area by a fac-
tor of ∼ 40% and allow triggering on a specific class of showers for which the superterp
is located outside of the Cherenkov angle. Here, the radio signal quickly becomes weaker
but may be more sensitive to the precise longitudinal evolution of a shower. The data will
be used to study the possibility of determining more shower evolution parameters than only
Xmax , which could both be useful for composition studies and constraining hadronic inter-
action models. This can be regarded as a first step towards shower radio tomography, which
has been proposed for SKA2. More details on the expansion are found elsewhere in these
proceedings [23]
• Hybrid triggering The current triggering system requires 13 out of 20 LORA detectors to
trigger. This has two disadvantages. First, while this setting yields a near 100% detection
efficiency for showers above 1017 eV, most of the triggers are from showers that are of much
lower energy and do not produce an observable radio pulse. Indeed, in 80% of the data that
is stored, no radio signal is found. Secondly, nearly half of the high-quality showers for
which we can reconstruct Xmax fall in the 1016.5−1017 eV energy range, where the detection
efficiency is too small to allow for an unbiased composition study.
Both problems are resolved simultaneously by implementing a hybrid triggering system that
combines information from the particles detectors and radio antennas in real-time. Through
continuous monitoring of each antenna data stream it is possible to send trigger messages
to the central LORA computer for each radio peak that is above the noise background by a
2Apart from being a larger and more regularly spaced array, SKA-low has the additional advantage that it will be
sensitive to smaller sub-structures in the shower because of its increased frequency range (50-350 MHz).
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certain threshold value. In the LORA computer the messages of all antennas are collected
and combined with the data from the particle detectors. A hybrid trigger is issued when
both a minimum number of antennas and a minimum number of particle detectors show a
signal-over-threshold.
Since every hybrid trigger has a visible radio signal we boost our fraction of useful data from
20% to nearly 100%. At the same time, the risk of triggering on manmade impulsive signals
is extremely low since we require coincidence with a particle signal. Even more importantly,
we can now lower the required number of particle detectors for a trigger. This means we will
be able to detect cosmic ray below 1017 eV bias-free, reducing our energy threshold for the
mass composition analysis.
Figure 3 shows a simulation study of the detection probability for proton showers (solid
lines) and iron showers (dotted lines) for different energy ranges. A bias-free sample is
achieved when the proton and iron lines overlap, which only happens when both species
reach a probability of nearly 100%. This preliminary study indicates the energy range for
mass composition studies can be extended to at least 1016.5 eV, by reducing the required
number of detector for triggering.
• LOFAR 2.0An often advertised advantage of radio detection of air showers is the larger duty
cycle of nearly 100%. However, due to technical and organizational aspects, LOFAR reaches
a duty cycle of only 10-20%. Although air shower detection always run in the background
of astronomical observations, there are gaps between these observations. Moreover, more
than half of the observations use the high-band antennas, which are of very limited use to
air shower analysis [24]. LOFAR 2.0 is a planned upgrade to the observatory that will allow
a more simultaneous measurement modes. From a technical side, it will become possible
to use low and high band antennas at the same time. Furthermore, observation scheduling
will done in a manner that takes advantage of the possibilities of a digital radio telescope.
Observations will be able to run in parallel with different start and end times. These changes
will make it possible to perform low-band air-shower measurements continuously, improving
the duty cycle considerably.
7. Conclusions
LOFAR measures the atmospheric depth of the shower maximum Xmax with a precision of
< 20 g/cm2 using a technique based on two-dimensional reconstruction of the radiation profile.
The first mass composition results are in agreement with measurements based on other techniques
and consistent with a strong light-mass component below the ankle. To further optimize the pre-
cision and reduce systematic uncertainties, a new simulation pipeline is being developed that in-
corporates realistic atmospheric profiles. Furthermore, future upgrades are planned that improve
the performance of cosmic ray detection with LOFAR, increasing the effective area and duty cycle,
and reducing the energy threshold for mass composition analysis.
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Characterisation of the radio frequency spectrum
emitted by high energy air showers with LOFAR
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The high number density of radio antennas at the LOFAR core in Northern Netherlands allows
to detect radio signals emitted by extensive air showers in the energy range 1016 − 1018 eV,
and to characterise the geometry of the observed cascade in a detailed way. The radio signal
emitted by extensive air showers along their propagation in the atmosphere has been studied in
the 30 − 70 MHz frequency range. The study has been conducted on real data and simulated
showers. Regarding real data, cosmic ray radio signals detected by LOFAR since 2011 have
been analysed. For simulated showers, the CoREAS code, a plug-in of the CORSIKA particle
simulation code, has been used. The results show a clear dependence of the frequency spectrum
on the distance to the shower axis for both real data and simulations. In particular, the spectrum
flatten at a distance around 100 m from the shower axis, where the coherence of the radio signal
is maximum. This behaviour could also be used to reconstruct the position of the shower axis at
ground. A correlation between the frequency spectrum and the geometrical distance to the depth
of the shower maximum Xmax has also been investigated. The final aim of this study is to find a
method to improve the inferred information of primary cosmic rays with radio antennas, in view of
affirming the radio detection technique as reliable method for the study of extensive air showers.
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Radio frequency spectrum study with LOFAR L. Rossetto
1. Introduction
Radio emission from Extensive Air Showers (EAS) was detected for the first time by Jel-
ley et al. in 1965 [1]. Since 2005 radio experiments like CODALEMA [2] and LOPES [3] started
detecting air showers up to an energy of 1018 eV, confirming the radio emission mechanisms of
cosmic rays in the Earth atmosphere. Measurements performed in the last years by the LOFAR ex-
periment [4], the Auger Engineering Radio Array of the Pierre Auger Observatory (AERA) [5], and
the Tunka-Rex radio array [6] have greatly improved the understanding of radio emission processes
of extensive air showers. First studies of radio frequency spectra below 100 MHz were conducted
in late 1960s and early 1970s [7]. Analytical calculations [8, 9] and simulation studies [10] con-
ducted at the beginning of years 2000s indicated a dependence of the radio frequency spectrum on
cosmic ray air shower characteristics. Furthermore, recent analysis conducted at AERA shows a
dependence of the frequency spectrum on primary particle properties [11]. This demonstrates that
it is feasible to extrapolate information from the frequency spectrum with the current radio antenna
arrays.
A detailed study for characterising the pattern of the radio frequency spectrum and studying its
correlation with the primary cosmic ray features has been conducted with LOFAR. Among radio
experiments, LOFAR is the one with the densest number of antennas, thus the most suitable for
this kind of analysis. In order to find the best parameters which describe the correlation between
primary cosmic rays and the emitted radio signals, data collected by LOFAR since 2011 have been
studied in the 30− 70MHz frequency range. Results obtained on real data have been cross-checked
with simulations.
2. The LOw Frequency ARray
The LOw Frequency ARray (LOFAR) is a radio antenna array which consists of 50 stations
in Northern Europe with a denser core in the Northern Netherlands. Each Dutch station consists
of 96 Low Band Antennas (LBAs) and 48 High Band Antennas (HBAs) which operate in the
frequency range 10 − 90 MHz and 110 − 240 MHz, respectively. The 24 stations which form the
LOFAR core are located in the Northern Netherlands, and cover a circle of approximately 2 km
radius. In the central area, six stations, also called Superterp, are located in a circular area of
roughly 320 m diameter, and form the densest area of antennas. The layout of LOFAR central
stations is shown in figure 1, together with a picture of one LBA. The LOFAR central array is also
instrumented with 20 scintillator detectors, the LORA array [12]. Triggers for cosmic ray data
acquisition are provided by LORA, which also permits the reconstruction of the arrival direction
and energy of primary particles. In the current configuration the LOFAR array allows for the
detection of cosmic rays in the energy range 1016 − 1018 eV.
Measurements of cosmic rays are performed mostly by using signals from LBAs. The LBAs
are designed to operate between 10 MHz, where the ionospheric cut-off of radio wavelengths takes
place, and 90 MHz where the commercial FM radio band starts. Nevertheless, due to the presence
of strong Radio Frequency Interference (RFI) at the lowest frequencies, and the proximity of the
FM band at the highest ones, the LBA operational range is limited between 30 − 80 MHz. Each
LBA consists of two dipole arms oriented in the NE−SW and NW−SE direction.
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Figure 1: Left: layout of the six LOFAR central stations, the so-called Superterp. The location of LBA inner and outer
antenna set is depicted as grey crosses; the position of the HBAs is shown as well (open grey squares). The red squares
indicate the position of LORA scintillator detectors. Right: picture of one LBA.
3. Radio emission processes of extensive air showers
Secondary charged particles, produced in the atmosphere by the interaction of primary cosmic
rays with the atmospheric nuclei, emit radio signals. Radio emission is generated by two mech-
anisms, the geomagnetic and the charge excess process. In the geomagnetic process, secondary
electrons and positrons in the cascade are accelerated in opposite directions due to the Earth mag-
netic field. This effect creates a current which is linearly polarized in the direction perpendicular to
the shower axis and to the geomagnetic field. In the charge excess process (also called Askaryan ef-
fect [13]), the radio emission is instead produced by a negative charge excess created at the shower
front. In this latter case, the negative charge excess is caused by electrons which are knocked-out
and start moving with the cascade, and by the annihilation of secondary positrons with electrons.
The radiation emitted due to the charge excess process is polarized in the radial direction with re-
spect to the shower axis. Thus, the combination of these two mechanisms creates an asymmetric
distribution of the total radio signal around the shower axis [14, 15].
4. Analysis and results
In order to study a correlation between the radio frequency spectrum and EAS characteristics,
the radio signal in the frequency-domain has been investigated on events detected by LOFAR since
2011. The analysis method used is the following:
• the signal intensity in the time-domain is converted into the frequency-domain by applying
a Fast Fourier Transform (FFT). The FFT is calculated on a time-window of 128 samples
(1 sample = 5 ns) corresponding to 640 ns time-window defined as [t0 − 240 ns, t0 + 400 ns]
around the signal peak; the FFT squared module is then calculated (hereafter, |FFT|2signal )
• the background contribution is calculated on a longer time-window of 216 samples, equal
to 328 µs, centred on the pulse peak; this long time-window is divided in about 400 sub-
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Figure 2: Left: electric field in the time-domain as measured by one LBA in the Superterp. The maximum intensity has
a time length of about 50 ns, while the entire window is 640 ns long, and it is the one used in this analysis. Right: cor-
responding signal in the frequency-domain; the error bars on the |FFT|2 correspond to an uncertainty of 20% which has
been evaluated through a calibration analysis.
windows of 128 samples, after having excluded the pulse region. The |FFT|2background is then
calculated by averaging the |FFT|2 on each of these sub-windows;
• the final |FFT|2 is evaluated as |FFT|2 = |FFT|2signal − |FFT|2background
Following the above method, the frequency spectrum has been characterised by fitting the
log10 |FFT|2 with a linear function and looking for correlations between the slope of the linear fit
and certain parameters. Figure 2 shows, for one event, the electric field measured by one antenna
in the time-domain (left), and the corresponding signal in the frequency-domain (right) where the
antenna band-filters at 30 MHz and 80 MHz are clearly visible. Errors on the |FFT|2 have been
evaluated from data taken during a calibration campaign performed in May 2014. The calibration
measurements have been performed using an external emitting source positioned over one inner an-
tenna of one Dutch station, and a difference of 20% in the receiving power between the two dipoles
has been found. This uncertainty has been used as an error on the evaluation of the |FFT|2 in this
analysis (see figure 2−right). Figure 3−left shows the distribution of log10 |FFT|2 as function of
frequency for one antenna of one event after the background subtraction. Due to the presence of
many RFI around 30MHz, which are removed during the data reduction process, most of the anten-
nas displays a low radio signal intensity at 30 MHz. For this reason, the first point of the linear-fit
region has been considered at 33 MHz. Furthermore, during this study, it has been observed that
the frequency spectra measured in all antennas increase above 70 MHz. This is expected to be
caused by the low-pass filter in the different antennas. Therefore, in order to not introduce any bias
in the fitting procedure, the last point of the linear-fit region has been chosen at 70 MHz.
For each event, the linear-fit has been applied to all the antennas, in order to study the de-
pendence of the slope parameter as function of distance to the shower axis. The antenna position
at ground has been projected onto the plane perpendicular to the particle arrival direction vec-
tor ~v (hereafter, shower plane). Since the linear-fit method is very sensitive to the signal-to-noise
ratio detected in one shower event, strict selection criteria have been used in order to select good
events for this analysis. Events have been selected by requiring that, at least in one station, half of
the antennas show a pulse-peak value larger than 10 σ , where σ is computed for each antenna in
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Figure 3: Left: distribution of log10 |FFT|2 as function of frequency for one antenna of one detected event; the dis-
tribution has been fitted with a linear function, taking into account the 20% uncertainty on the |FFT|2 converted into
logarithmic values. Right: distribution of the linear-fit slope as function of distance to the shower axis in the shower
plane for one event (green points). The uncertainties on the slope values are obtained from the previous linear-fit pro-
cedure; the systematic uncertainties from the calibration procedures are shown on the top-right corner. Comparison
with the corresponding simulated event is also shown (red points). Both distributions have been fitted with a parabolic
function (solid line).
the long time-window of 328 µs, as described previously. To these pre-selected events, for every
frequency ν in the range 33 − 70 MHz, the following criterion has been applied:
|FFT (νi)|2Signal−|FFT (νi)|2Background > RMS
( |FFT (νi)|2Background ) (4.1)
Events with less than 10 antennas satisfying condition 4.1 have been discarded. By using these
selection criteria, 103 events have been selected and used for the analysis presented here. All
the 103 selected events have been compared with the corresponding simulated events. CORSIKA
simulations have been produced by using, as input, proton as primary particle, and energy and
arrival direction as reconstructed from the real event. The antenna layout used in simulations
(see figure 4) has been chosen in order to have a symmetric star-shape around the shower axis on
the shower plane. Each simulated event has 160 antennas displayed at 25 m distance between each
others on the shower plane, and distributed on 8 arms, thus covering an area of 500 m radius around
the shower axis.
Figure 3−right shows the linear-fit slope as function of distance to the shower axis for one
selected event (green points) together with one simulated event having the value of Xmax closest to
the observed one (red points). This event has a primary energy of (1.7 ± 0.8) · 1017 eV as recon-
structed by the LORA scintillator array, and a value of the atmospheric depth where the cascade
reaches its maximum development Xmax = (757 ± 38) g/cm2 as reconstructed by the radio Lateral
Distribution Function (LDF) method [16]. The simulated event has Xmax = 755 g/cm2.
As visible in figure 3−right, the distribution of the slope parameter as function of distance to the
shower axis is well described by a parabolic function for both real data and simulations. The
displayed error bars on the slope parameters have been extrapolated from the fitting procedure.
Moreover, systematic uncertainties on the slope values (about 0.01 MHz−2) have been evaluated
from the two antenna calibration procedures used at LOFAR [17], and are indicated on the top-right
corner of the figure. Both distributions display a maximum at a distance around 100 m, in agree-
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Figure 4: Distribution of the linear-fit slope on the shower plane for two simulated events with Dmax = 3.6 km (left)
and Dmax = 5.9 km (right). In both figures values of the 160 antennas (open circles) have been interpolated in order to
create a smooth background.
ment with the expectations from the radio Cherenkov ring, i.e. the region where the coherence of
the radio signal is the uppermost. Nevertheless, the slope distribution for data shows a shift towards
smaller slope values. Investigation of this shift is still on-going.
The analysis performed shows also that the slope parameter depends on the geometrical dis-
tance of the observer from Xmax (hereafter Dmax). Figure 4 shows the distribution of the slope
parameter on the shower plane for two simulated events having a value of Dmax = 3.6 km (left) and
Dmax = 5.9 km (right) respectively. For all the 103 selected events, the linear-fit procedure has been
applied, and only events with a good parabolic fit of the slope parameter as function of distance to
the shower axis have been considered. Figure 5 shows the distribution of the slope parameter as
function of Dmax at 180 m and 220 m distance from the shower axis (blue points). The distributions
have been fitted with the following function:
slope(Dmax) =
α
1+ exp(−β ·Dmax) − γ (4.2)
This fit-function has been previously used on AERA data as described in [11], and has been ad-
justed to LOFAR data by adding a third free parameter. This was needed because of the different
geographical location and different antenna design. Distributions shown in figure 5 display a good
agreement between the data points and the fit-function, even if the reliability of the fit is affected
by the large uncertainties on Dmax (about 300 m). A full parametrization of the frequency spectrum
as function of Dmax is still under investigation.
5. Conclusions and outlook
The radio frequency spectrum in the 30 − 70 MHz range has been studied. The analysis
has been conducted on cosmic ray radio signals detected by LOFAR and on the corresponding
simulated events. Results show a clear dependence of the frequency spectrum on the distance to the
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Figure 5: Distribution of the linear-fit slope parameter as function of Dmax at 180 m (left) and 220 m (right). Uncer-
tainties on the slope parameter have been extrapolated from the linear-fit procedure. Uncertainties on Dmax have been
evaluated from σXmax = 38 g/cm2 [16]. The red lines indicate the result of the fit obtained using equation 4.2, with the
68% confidence region delimited by the dashed purple lines.
shower axis, as predicted by theoretical and analytical calculations. However, the obtained spectral
indices for real data are systematically steeper than for simulated showers. This discrepancy is
currently under investigation. These characteristics of radio signals can be used as an additional
independent method to reconstruct the position of the shower axis at ground. Studies about this
option are on-going [18].
Furthermore, a dependence of the frequency spectrum on the geometrical distance to the
shower maximum Dmax has been investigated. Results show that, at a fix distance from the shower
axis, the slope parameter of the frequency spectrum increases as Dmax increases. This is related
to the fact that the majority of the radio emission is emitted at an height around Xmax , and then
propagates with an opening angle of ∼ 1◦ given by the atmosphere refractive index. Thus, if the
primary interaction happens at higher altitude, the radio footprint is projected from a higher altitude
on a larger surface. A study on how to use the frequency spectrum as an independent method to
reconstruct Xmax for events detected by LOFAR is still on-going.
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One of the major systematic uncertainties in the measurement of Xmax from radio emission of
EAS arises from variations of the refractive index in the atmosphere. The refractive index n
varies with temperature, humidity and pressure, and the variations can be on the order of 10% for
(n-1) at a given altitude. The effect of a varying refractive index on Xmax measurements is evalu-
ated using CoREAS: a microscopic simulation of the radio emission from the individual particles
in the cascade simulated with CORSIKA. We discuss the resulting offsets in Xmax for different
frequency regimes, and compare them to a simple physical model. Under typical circumstances,
the offsets in Xmax range from 4-11 g/cm2 for the 30-80 MHz frequency band. Therefore, for
precise measurements it is required to include atmospheric data at the time and place of observa-
tion of the air shower into the simulations. The aim is to implement this in the next version of
CoREAS/CORSIKA using the Global Data Assimilation System (GDAS), a global atmospheric
model based on meteorological measurements and numerical weather predictions. This can then
be used to re-evaluate the air shower measurements of the LOFAR radio telescope.
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Effect of atmospheric refractive index on radio signal of EAS P. Mitra1
1. Introduction
In recent years, the field of radio detection of high-energy air showers has advanced quite
rapidly. Estimating the depth of shower maximum Xmax with improved accuracy is of great interest
for the study of primary particle composition [1]. The highest precision to the determination of
Xmax with radio technique is currently achieved with the LOFAR radio telescope, situated in the
north of the Netherlands. The central ring of LOFAR consists of 288 low-band antennas within the
diameter of 320 meters, recording cosmic ray events within 30-80 MHz. Additionally, there are
also 288 high-band antennas measuring in the 110-190 MHz range [2]. The densely instrumented
core of LOFAR gives the opportunity to investigate the radio footprint i.e. the lateral intensity
distribution in close detail and enables to infer Xmax to a precision of 20 g/cm2 which is comparable
to the precision achieved influorescence detectors [3].
The measured lateral intensity distributions are compared to CoREAS [4], a simulation pack-
age of the radio emission from the individual particles in the cascade simulated with CORSIKA
[5]. The detected radio signal depends on the difference in travel times of radio waves and parti-
cles. Therefore, it is important to apply an accurate value of the refractive index n. Variations in the
refractive index lead to changes in the radio intensity footprint on the ground because the angle of
peak emission depends on n [6]. In CORSIKA, the standard US atmosphere is used as the default
model atmosphere featuring constant temperature lapse with altitude and zero humidity. Thus a
realistic model calls for more accurate description of atmosphere.
The Global Data Assimilation System (GDAS) developed at NOAA’s National Centers for Envi-
ronmental Prediction (NCEP) is a tool to study realistic atmosphere [7]. It is run four times a day
(0, 6, 12, and 18 UTC) and provides a 3-, 6- and 9-hour forecast based on the interpolation of the
meteorological measurements from all over the world including weather stations on land, ships,
and airplanes as well as radiosondes and weather satellites. The three hourly data are available
at 23 constant pressure levels, from 1000 hPa (roughly sea level) to 20 hPa (≈ 26km) on a global
1◦ spaced latitude-longitude grid (180◦ by 360◦). Each data set is complemented by data for the
surface level. The data are stored in weekly files and made available online.
2. Analysis and results
The effect of refractivity on the radio footprint can be better comprehended from a simple toy
model as depicted on the left panel of Fig 1. Because of propagation effects, the radio pulse is
compressed, depending on the viewing angle. The compression is maximal at the Cherenkov angle
where the emission is thus coherent up to much higher frequencies. Roughly above 100 MHz, the
emission strongly peaks at the Cherenkov angle, forming a ring of radiation on the ground [8].
Below 100 MHz, the radiation pattern has a more complicated structure, but its size still scales
with the Cherenkov angle. The relation between n and Cherenkov angle α is given by
cosα =
1
βn(h)
· (2.1)
The model is based on the assumption that most of the radiation is produced near Xmax and the size
of the footprint scales with distance to Xmax and with the Cherenkov angle at that distance. if the
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refractive index is higher than expected, the Cherenkov angle becomes larger. The measured size
of the radiation footprint now corresponds to a lower emission altitude, and therefore a larger Xmax.
Using CoREAS simulations we have also determined the systematic offset in Xmax measurement
for a 10% increase in refractivity. Two ensembles of showers are compared, by taking one shower
from the ensemble of higher refractivity and fitting the lateral intensity distribution by all 50 from
normal refractivity ensemble. A mean squared error is used as a fit quality measure. For every
shower, fit quality is plotted against Xmax showing a minimum with a quadratic dependence and
therefore fitted to a parabola. The location of the minimum of the parabola is used as an estimator
for Xmax. An typical example is shown on the right panel of Fig 1. The average between the
difference of the newly fitted and true Xmax yields the systematic offset in Xmax. Details of this
analysis can be found in [6]. With a linear fit to the points the offsets found are nearly half of that
obtained from Cherenkov toy model described above between 30-80 MHz as shown in Fig 2. This
indicates that Cherenkov time compression is not the only determining factor behind the shape of
the radio footprint. The offset ranges from 9 g/cm2 for 15◦ zenith to 18 g/cm2 for 45◦ zenith. The
relation for the offset ∆X as a function of distance to Xmax (R) for 10% higher refractivity is given
as
∆X10% = 3
R
1 km
−1.37 g/cm2· (2.2)
and for higher frequencies the difference in offset between simulation and Cherenkov model de-
creases because the the toy model more accurately describes the radiation pattern [6]. In order to
Figure 1: Left− Sketch of Cherenkov model: the effect of an increase in n is shown schematically, for
a proton primary particle of 1017 eV from zenith having an average Xmax = 670 g/cm2 as obtained from
CoREAS simulations, corresponding to an altitude of 3.51 km. 10% higher refractivity than the default
value used in CoREAS (N = 292 at sea level), results in a higher Xmax (red line), than the normal one
(blue line). The modeled difference in Xmax amounts to 17 g/cm2 [6]. Right− Fit quality as a function
of Xmax. The simulated Xmax for the shower with higher refractivity is indicated by the black vertical line.
The minimum gives the best fit value. The scatter around the minimum arises due to shower to shower
fluctuation.
model a realistic atmosphere one needs to obtain the suitable atmospheric parameters from GDAS.
Parameters like temperature, relative humidity and pressure can be directly extracted from GDAS
files. Other parameters can be calculated using physical relations involving those first three pa-
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Figure 2: Xmax offset for different zenith angles for LOFAR low band frequency range (30− 80 MHz),
where the points represent individual simulated shower. The blue line is a linear fit to the data and the red
line is from the Cherenkov model [6].
rameters. To calculate the air density, the relative humidity must be converted into water vapor
pressure, the partial pressure of water in air in hPa. This conversion depends on air temperature.
The following approximation of the empirical Magnus formula is used in the calculations [9]:
e=
h
100%
×6.1070× exp
(
21.88 t
265.5 + t
)
for t ≥ 0◦C (2.3)
and
e=
h
100%
×6.1070× exp
(
17.15 t
234.9 + t
)
for t ≤ 0◦C (2.4)
The density in can be calculated from ideal gas equation as
ρ =
P Mair
R T
(2.5)
where P, T and R are pressure, temperature, universal gas constant respectively and Mair is the
molar mass of air which can be calculated from the contributions of dry air, water vapor and CO2.
Next, the refractivity N as a function of humidity , pressure and temperature can be expressed as
N = 77.6890
pd
T
+71.2952
pw
T
+375463
pw
T 2
(2.6)
with pw, pd and T being the partial water vapor pressure (hPa), partial dry air pressure (hpa) and
temperature respectively. In the regime of radio frequency higher value of humidity increases the
refractivity. On the right panel of Fig 3 it is shown that the day to day humidity has a huge variance.
It is thus neccessary to use the detailed atmospheric conditions at the time of observation.
In order to incorporate atmospheric parameters extracted from GDAS to CORSIKA/CoREAS
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Figure 3: Left− The relative refractivity plot as a function of altitude for different times over 3 years for
100 cosmic ray events recorded at Lofar. Relative refractivity is defined as the ratio of difference between
data and simulation to data. It fluctuates from approximately 20% above default value to 10% below the
default value used in CoREAS between 0-5 km of altitude. This variation is indeed is the effect of rapidly
varying temperature and humidity between the above mentioned altitude range. Also between 3-8 km the
relative variation in refractivity is about 3%−5%. This altitude range is of interest as this is usually where
the shower reaches its maximum. Right− Relative humidity plot as a function of altitude for 5 random
events. It changes quite rapidly over the altitude and becomes negligible after around 12 km as this marks
the end of troposphere.
we have developed a script that will download the required GDAS file given the time and loca-
tion of observation of the event and return values of refractive index between ground and highest
GDAS level within 1m interval. It also fits the density profile according to the standard 5 layered
atmospheric model used in CORSIKA[5]. In this model the density ρ(h) follows an exponential
dependence on the altitude leading to the functional form of mass overburden T (h) which is the
density integrated over height as
T (h) = ai+bi.e−h/ci i= 1, ...,4 (2.7)
Thus the density
ρ(h) = bi/ci.e−h/ci i= 1, ...,4 (2.8)
In the fifth layer the overburden is assumed to decrease linearly with height. The parameters ai, bi
and ci are to be obtained in a manner that the function T (h) is continuous at the layer boundaries
and can be differentiated continuously. We distribute 24 GDAS density points into 3 layers with
the layers having boundaries approximately around 4 km for first layer, 9.5 km for second layer
and between 26-28 km for the third layer. A point to note here is that the layer boundaries are not
constant but rather can change slightly depending on the place of observations and time. Next, we
fit the data to Eq 2.8 in the following way-
For layer 1 we fit the density profile with two free parameters. Then we calculate density ρ1 at
boundary 1 from Eq 2.8 using the obtained parameters b1, c1. The boundary condition that the
density has to be continuous at the boundaries reduces the number of free parameters to 1 and the
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parameter b2 for second layer can be expressed as a function of ρ1 and c2 with c2 being the only
free parameter. Similarly we continue the same procedure for the higher layers. Since now we have
the smooth profile for density we can analytically solve for the parameter a in Eq 2.7 exploiting the
boundary conditions for mass overburden. The parameterization for fifth layer is adapted from the
US standard atmosphere [5]. An example of the fit is shown in Fig 4.
Figure 4: Left− density vs altitude profile for an arbitrary event, blue dots are GDAS data points and the red
line is the fitted profile using the CORSIKA parameterization. Right−Histogram for rms value of relative
density for 100 different events. The relative density is defined as ρ f it−ρdataρ f it . The small value indicates the
good quality of fit though a small bias towards positive values is introduced probably because of the imposed
boundary conditions.
3. Conclusion and outlook
For mass composition analysis the accuracy of the Xmax measurement is crucial. For Xmax
measurements with the radio technique we have investigated the systematic error due to variations
in the atmospheric refractive index inparticular for LOFAR measurements; for higher refractivity
the offsets are found to be proportional to the distance to Xmax for different zenith angles. We also
have proposed a toy model based on the Cherenkov emission at Xmax altitude that qualitatively
describes this effect especially for higher frequency range (120-250 MHz). Given variations in
N on the order of 4%, from the atmospheric effects the offsets would range from about 3.5-11
g/cm2 for 30-80 MHz, although one can not use a single value of refractivity in simulation as it
does not provide full information of realistic atmosphere. Using GDAS we studied the local at-
mospheric profiles for refractivity and humidity at the time of several cosmic ray events recorded
at LOFAR. The parameters show significant variations over time. The relative variation in refrac-
tivity is found to be around 3%− 5% between 3-8 km of altitude. We have implemented GDAS
atmospheric profiles with local refractive index lookup table and improved density parametriza-
tion to COREAS/CORSIKA. These modifications will be included in a future release of COR-
SIKA/CoREAS together with a standalone script that downloads GDAS files and produces atmo-
sphere profiles and CORSIKA steering files. The script is flexible and is able to create profiles for
any location on Earth. However, for very specialized applications, such as near-horizontal showers,
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further development will be needed. Also current work is going on the re-evaluation of LOFAR
measurements with improved atmosphere.
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At LOFAR we measure the radio emission from extensive air showers (EAS) in the frequency
band of 30 – 80 MHz in dual-polarized antennas. Through an accurate antenna calibration we
can determine the complete set of four Stokes parameters that uniquely determine the linear and
circular polarization of the radio signal for an EAS. The observed dependency of the circular
polarization on azimuth angle and distance to the shower axis is explained as due to the inter-
fering contributions from the two different radiation mechanisms, a main contribution due to a
geomagnetically-induced transverse current and a secondary component due to the Askaryan ef-
fect. The measured data show a quantitative agreement with microscopic CORSIKA/CoREAS
calculations. Having a very detailed understanding of radio emission from EAS, opens the pos-
sibility to use circular polarization as an investigative tool in the analysis of air shower structure,
such as for the determination of atmospheric electric fields.
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1. Introduction
The understanding of the mechanism of radio emission from extensive air showers (EAS) has
reached a level that makes this process suitable for high-precision studies. As a prime example
we treat in this contribution the circular polarization of the radiation. As we will show, this is
due to a rather subtle interference of the two main emission mechanisms, geomagnetic and charge
excess radiation. Because of this high level of understanding of the emission mechanism the radio
emission from EAS induced by energetic cosmic rays is a very sensitive way to determine shower
properties, such as energy [1, 2] and Xmax, the atmospheric (slant) depth where the number of air-
shower particles reaches a maximum [3, 4]. The latter is a measure of the mass composition of the
primary cosmic rays [5, 6].
Microscopic models based on first principles have been developed to calculate the radio emis-
sion from the EAS such as CoREAS [7] and ZHAireS [8]. Their predictions agree to a high level of
precision with measurements at LOFAR (LOw-Frequency ARray) [9, 10] and other radio antenna
arrays [11], see also Ref. [4].
To get insight in the coherent radiation mechanisms a macroscopic view of the shower is
essential. The Lorentz force, eˆ~v×~B ∝ eˆ~v× eˆ~B, induces a current in the plasma cloud at the shower
front that is transverse to the shower direction which is given by eˆ~v. eˆ~B denotes the direction
of the geomagnetic field. A secondary contribution [12], due to the net negative charge in the
plasma cloud, is also known as Askaryan radiation [13]. The associated current is parallel to eˆ~v.
In the far-field regime radiation is polarized in the plane spanned by the emitting current and the
observer while it is perpendicular to its propagation direction. We thus obtain that the geomagnetic
component is polarized in the eˆ~v×~B direction while radial for charge-excess radiation. This is also
confirmed by observations [14, 15, 16, 17, 18].
The radio pulse has also a certain amount of circular polarization [19]. As has recently been
shown [20] the circular polarization is caused by a slight, of order 1 ns, time-shift between the
pulses emitted by the two emission mechanisms due to a different dependence on the viewing
angle to the shower axis [12, 21]. The circular polarization thus constitutes an accurate test of the
differences between the geomagnetic and the charge excess emission mechanisms. At LOFAR we
have measured the Stokes parameters [17] for radio emission and shown that these are a convenient
way to express the complete polarization of the radio pulse. The data are in excellent agreement
with the model calculations.
2. LOFAR
LOFAR [22] is a digital radio telescope where for the present measurements we use only the
Low Band Antennas (LBAs), each consisting of two inverted V-shaped dipoles where we used the
30 - 80 MHz band. We usually store 2.1 ms of data, sampled at 200 Msamples/s per antenna after a
trigger from the LORA scintillator array. Using the reconstructed arrival direction, the polarization
directions of the signal are choosen in the direction of the Lorentz force eˆ~v×~B and eˆ~v×~v×~B. The
instrumental influences induced by the antenna and the amplifier are corrected for in this process.
For the present analysis the antenna positions are projected onto the shower plane which is defined
as the plane perpendicular to the shower, eˆ~v, and going through the core of the shower on the
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ground. A detailed description of the offline analysis of the data for cosmic ray science can be
found in [9, 3, 17].
The Stokes parameters are most easily expressed in terms of the complex voltages Ei=Ei+ iEˆi,
I =
1
n
n−1
∑
0
(
|E |2i,~v×~B+ |E |2i,~v×~v×~B
)
Q =
1
n
n−1
∑
0
(
|E |2i,~v×~B−|E |2i,~v×~v×~B
)
U+ iV =
2
n
n−1
∑
0
(
Ei,~v×~B E
∗
i,~v×~v×~B
)
, (2.1)
Here Ei is sample i of the electric field component in either the eˆ~v×~B or the eˆ~v×~v×~B polarization
direction and Eˆi its Hilbert transform [17]. For the present analysis the summations are performed
over n = 5 samples, of 5 ns each, centered around the pulse maximum. The linear-polarization
direction makes an angle ψ = 12 tan
−1(U/Q) with the~v×~B-axis. The circular polarization is given
by V/I. It is convenient to defineW 2 = I2− (Q2+U2+V 2) which is a measure of the difference
in structure of the signal in the two polarization directions, likely due to noise, see Ref. [20] for a
more extensive discussion.
3. Interpretation
Circular polarization can be understood as the rotation of the polarization direction over the
duration of the pulse, due to a time lag between the charge excess and geomagnetic pulses. To
quantify this it is conceptually easiest to consider a signal of fixed frequency ω . The radially-
polarized charge-excess pulse,
EC(t) = ECeiω(t−∆t)(cosφ eˆ~v×~B+ sinφ eˆ~v×~v×~B) ,
thus has a time lag of ∆t with respect to the transverse-current pulse,
ET (t) = ET eiωt eˆ~v×~B .
The angular position of the antenna with respect to the eˆ~v×~B-direction is denoted by φ . The Stokes
parameters now read
I = E2T +E
2
C+2 ETEC cosφ cosω∆t
Q = E2T +E
2
C cos(2φ)+2 ETEC cosφ cosω∆t
U = E2C sin(2φ)+2 ETEC sinφ cosω∆t
V = 2 ETEC sinφ sinω∆t . (3.1)
Extreme values for the circular polarization are reached for φ = pi/2 and φ =−pi/2. Thus V/U =
tanω∆t measures the the time-lag, between charge excess and geomagnetic radiation.
As an illustrative example we focus on an air shower for which the radio signal was detected
in six LOFAR stations. The Stokes parameters extracted for each LOFAR antenna is shown versus
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Figure 1: The measured intensity footprint of a shower (open red circles) is compared to the results of a
CoREAS simulation (filled blue squares). The standard deviation is denoted by σ .
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Figure 2: The normalized Stokes parameters for the air shower shown in Fig.1 where the meaning of the
different symbols is also indicated.
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distance to the shower axis in Fig. 1 and Fig. 2. The CoREAS simulation was done for Xmax=
659 g/cm2, shower energy E = 6.24×1017 eV, and zenith angle θ = 26◦. The calculated values for
W/I (not shown) are vanishingly small while the measured values forW/I, due to noise, increase
from less than a percent at small distances to about than 10% at larger distances. The scatter of
the points at a fixed distance is due to the dependence of the Stokes parameters on the azimuthal
position of the antenna, see Eq. (3.1).
Understanding the difference in the relative timing of the two radio pulse requires looking in
detail into the two emission mechanisms. Taking the z-axis along the shower and the x-axis along
eˆ~v×~B the vector potential due to transverse current is
Aµ = jµ/D= jx(tret)/D (3.2)
where jµ is the four current induced in the plasma cloud of the EAS and D the retarded dis-
tance [12]. The retarded time is related to the emission height, tret = −z/c. The current induced
by the Lorentz force is roughly proportional the the number of charged particles in the plasma
cloud, N(tret), thus jx(tret) ∝ N(tret) [23]. The charge excess in the plasma cloud, that moves with
the speed of light to Earth, gives rise to a time and z-component of the current. Since the charge
excess, like the geomagnetic current, is also roughly proportional to the lepton number in the cloud
we obtain j0(tret) ∝ N(tret). Only due to a different dependence on air pressure and shower age a
slight difference in the height (or retarded time) dependence of the two currents is induced and the
transverse current reaches its maximum at somewhat larger heights than the charge excess [12].
To understand the circular polarization one has to go through the derivation of the radiation
field from the vector potential
~E =−~∇A0−d~A/dt . (3.3)
This yields ~E =−d~A/dt for the transverse current contribution. Since this is like the emission from
an varying electric current we call this magnetic emission. For the charge excess contribution we
obtain ~E = −dA0/dr. Since this is similar to the radiation from a charge we call this electric and
it is polarized in the radial, rˆ direction. For a fixed emission height the time and radial derivatives
are related through [23] dtret/dt ≈ c(R/r)dtret/dr where R is the distance to the emission point.
Even if the charge excess and geomagnetic currents are assumed to have the same dependence on
height in the atmosphere we now have obtained that the main contribution to the received intensity
is lower in the atmosphere for charge excess than for geomagnetic. Numerical simulations show
that this difference is about 1 km, depending on zenith angle of the cosmic ray.
This difference in emission height is schematically indicated in Fig. 3 left side where the curves
labeled ’GeoMagnetic’ and ’ChargeX’ denote the height dependence of contribution of the different
processes to the received signal. Due to the resulting difference in arrival time of the peak intensity
for the two components the net polarization direction of the detected signal will the rotate over an
angle φ . The angle φ is the azimuthal position of the observer with respect to the~v×~B-axis and is
thus the same as the angle between the polarization directions of the geomagnetic and the charge-
excess emissions, as indicated in the figure. It is thus clear that the circular polarization depends on
the azimuthal position of the observer, as can be read from Eq. (3.1). This azimuthal dependence
of the circular polarization can also be seen from the figure at the right side of Fig. 3 where the
data and simulation for the footprint of the Stokes parameter V are compared. As expected, eˆ~v×~B
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is the axis of anti-symmetry, where the circular polarization has a different sign for points above or
below this axis.
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Figure 3: Schematic picture showing the source of circular polarization. Right side shows The footprint of
the value of the Stokes V -parameter for a measured air shower. The background color shows the results of
the CoREAS simulation while the coloring in the small circles presents the data. This is the same data as
shown in Fig.2 (right most panel).
An equivalent explanation, based on the arguments given in the introduction is that the po-
larization is given by the projection of the inducing current on a direction perpendicular to the
propagation direction of the radiation. The amplitude is proportional to the magnitude of the pro-
jected current. For geomagnetic emission the inducing current is in the ~v×~B direction which is
already almost perpendicular to the line of sight. For charge excess radiation the inducing current
is along the shower axis which implies that the projection perpendicular to the line of sight is small
near the core of the shower and increases with distance. This also implies that emission from lower
parts of the EAS are favored due to the projection factor. This leads to the same conclusion as we
just arrived at, i.e. that even with the same height dependence of the inducing currents the charge
excess radiation is effectively emitted at lower heights compared to geomagnetic radiation resulting
in circular polarization of the signal.
4. Conclusions & Summary
We have made a detailed investigation of the circular polarization of the radio emission of an
EAS recorded under fair weather circumstances. We have given an interpretation based on macro-
scopic currents as are expected in an EAS and shown that it is due to a slight time delay between the
charge excess and the geomagnetic pulse. This interpretation is supported by microscopic calcu-
lations using CoREAS that shows an almost perfect agreement with the data measured at LOFAR
for all Stokes parameters.
Having shown that the full set of measured Stokes parameters for an event detected under
fair weather conditions are quantitatively and quantitatively understood allows to use EAS as a
diagnostics tool to extract atmospheric electric fields [17, 24].
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During thunderstorm conditions, radio emission from extensive air showers are influenced by at-
mospheric electric fields. We show that air showers recorded under thunderstorm have a larger
amount of circular polarization than air showers measured in fair weather. We demonstrate quan-
titatively that this is related to the change of the transverse current in the shower front, which is
caused by the variation of the atmospheric electric fields. Therefore, the use of the circular po-
larization data puts strong additional constrains on the structure of the atmospheric electric fields
than what could be achieved by using only the radio intensity.
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Circular polarization during thunderstorms O. Scholten1,2
1. Introduction
Cosmic rays impinging on the Earth’s atmosphere generate showers of secondary particles.
The motion of electrons and positrons in the shower induce radio emission. During thunderstorms,
atmospheric electric fields are strong and thus can affect air showers and their radio radiation [1, 2].
The change of intensity of radio emission from air showers during thunderstorms can be used to de-
termine the atmospheric electric fields [1]. There are also large differences in circular polarization
between a showers recorded in fair-weather (a fair-weather event) and showers measured during
thunderstorms (a thunderstorm event) [3]. In this paper, we present the method to determine atmo-
spheric electric fields from a combined analysis of the intensity data and the polarization signature
of the radio signals.
The data for this work are taken from the Low-Band Antennas (LBA) of the LOw-Frequency
ARay (LOFAR) radio telescope [4]. The LBAs operate in the frequency range of 30 MHz −
80MHz and they are grouped into circular stations. The core of LOFAR, consists of 6 such stations,
located in a 320 m diameter region. A trigger is obtained from a particle detector array, LOfar
Radboud air shower Array (LORA) [5]. The measurements are done under both fair-weather and
thunderstorm conditions.
2. Circular polarization in fair-weather events and thunderstorm events
In fair weather, electrons and positrons in the shower front are deflected in oposite directions
by the Lorentz force exerted by the geomagnetic field [6, 7]. They form a transverse current and
emit radiation polarized in the direction of the Lorentz force, v×B, where v is the velocity of the
shower and B is the geomagnetic field. A secondary contribution is from charge excess which is
caused by a build-up of negative charge in the shower front [8, 9]. This produces a radio pulse
polarized radially with respect to the shower axis and dependent on the azimuthal position of an
observer. The signal observed on the ground is the combination of the two contributions. There is a
delay in time of the charge-excess pulses with respect to the transverse-current pulses. As a result,
there is a small amount of circular polarization where the magnitude and handedness depend on
the distance and the azimuthal position of the observer with respect to the shower axis [10].
During thunderstorms, the radio emission from air showers is affected by atmospheric electric
fields in thunderclouds. The electric field can be decomposed into two componnents, E‖ and E⊥
. The E‖ which is parallel to the shower axis has very little effect on the radio emission in the
frequency range of LOFAR LBAs [2], so it is set to 0 in this work. The E⊥ component which is
perpendicular to the shower axis changes the net transverse force acting on particles. As a result,
the direction and magnitude of the transerse current change, which gives rise to a change in both
intensity and polarizations of the radiation. The signals from the different heights are emitted in
sequence when the air shower front, propagating with the speed of light c, passes through. The
emitted radio signals travel with a lower velocity than the shower front, c/n, where n is the index
of refraction. As a result, near the shower axis, the pulses from a larger height arrives with a delay
with respect to the pulses from the lower height. This causes a change in the polarization angle
over the duration of the pulse, which is seen as circular polarization. The circular polarization of
thunderstorm events does not depend on the distance and the azimuth position of the observer.
136
Circular polarization during thunderstorms O. Scholten1,2
During the period between June 2011 and January 2015, we recoreded 118 fair-weather events [11]
and 20 thunderstorm events [1] with radio signals detected in at least 4 LBA stations. Fig. 1 shows
the amount of circular polarization (|V |/I) within a 30 m radius of the shower axis given for 884
antennas recording fair-weather data and 183 antennas taking thunderstorm data. It can be seen
from the figure that the circular polarization for fair-weather events is small near the shower axis
while large differences are observed for thunderstorm events.
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Figure 1: Distribution of the amount of circular polarization within a radius 30 m from the shower axis for
showers measured during fair weather and thunderstorms.
3. Probing atmospheric electric fields
The circular polarization in thunderstorm events is caused by a variation in the orientation of
the atmospheric electric fields. Therefore, using the combination of intensity, linear polarization,
and circular polarization allows for a more accurate determination of the electric fields in the thun-
dercloudss where the air shower passes through than when using only intensity information as in
Ref. [1]. For this reason, we do the fitting for the full set of Stokes parameters [10].
Fitting thunderstorm events is challenging because the atmospheric electric fields contain
many parameters. The number of parameters depends on the model of the electric field. In this
work, we use a three-layer model which is also seen in charge-cloud structure and measured by
balloon measurements. The electric fields are labeled with indices 1, 2 and 3 where 1 is the top
layer. Each layer is defined by the height h above the ground where the electric field starts, the
strength and the direction of the field E⊥. Hence, together with Xmax, there are 10 parameters
which make a grid search impossible. A possible method to find the minimum in the chi-square
surface is the steepest descent procedure. In order to use this method, one needs to make sure that
a small change in the radio footprints is due to a small change in the parameters of the electric field
and not due to shower-to-shower fluctuations. In addition, since the calculation needs to be iterated
many times, a single calculation should not take much computer time. For these reasons, we use
EVA-l code [12] to get close to the optimal choice after which we use CoREAS [13] for the final
calculations. In order to advoid obtaining a local minimum, for each thunderstorm event, we do 30
optimization runs with different initial values of parameters, using EVA-l. Fig. 2 shows the current
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profiles of the calculations that have a small reduced χ2 for a thunderstorm event. The values of
the reduced χ2 are represented by the thickness of the curves. The thicker the curve is, the smaller
the reduced χ2 is. At heights lower than 6 km, these current profiles are almost the same. There are
some differences at high altitudes, but the radio-emission contribution at these heights is at large
distances from the shower axis where the signal is weak. Therefore, it can be concluded that the
results which we obtain are unique.
Figure 2: The current profiles of different calculations having small reduced χ2.
Fig. 3, Fig. 4 and Fig. 5 show the intensity footprint, the linear polarization footprint and the
circular polarization footprint,respectively, of this event. The fractional Stokes parameters with
their differences from the data are displayed in Fig. 6 to show the quality of the fit. The intensity
footprint of this event (see Fig. 3) shows a bean shape which is also observed in fair-weather event
but the maximum intensity is not in the v×B-direction. The polarization footprint (see Fig. 4)
shows a wavy pattern which is not shown in fair-weather events. We also observe a large fraction
of circular polarization (see Fig. 5), which varies with distance from the shower axis. Since the
polarization signature of this event is different from that of fair-weather events, using only the
intensity data for this event gives incomplete information about the atmospheric electric field.
The values of the parameters giving the best fit are shown in Table. 1 together with Xmax =
665 g/cm2. There are some differences between the measured and simulated Stokes parameters
seen in Fig. 6 since the three-layered electric field is still an oversimplification of the realistic field.
The reduced χ2 for a joint fit of both the Stokes parameters and the particle data is χ2/ndf = 4.5,
which is large compared to χ2/ndf ≈ 1 found in fair-weather showers. However, all main features
are reproduced.
We have checked that the fit quality is sensitive to the heights of the layers on the order of
hundred meters and the orientations of the electric fields at the level of degrees. However, the fit
is not sensitive to heights above 8 km since there are few particles in the shower at this height and
thus their contribution to the total radio emission is small. In the frequency range of LBAs, there is
little sensitivity to the parallel component of electric fields. We are able to measure large horizontal
components of the electric fields as explained in the following. A strict vertical electric field can
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Figure 3: The intensity (Stokes I parameter) footprint of the thunderstorm event No.1. The background
color shows the simulated results while the coloring in the small circles represents the data.
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Figure 4: Linear polarization as measured with individual LOFAR LBAs (lines) in the shower plane.
Layer 1 2 3
Height (km) 8 - 5 5 - 2 2 - 0
|~E⊥| (kV/m) 50 15 9
α (◦) 98 98 8
Ev×z (kV/m) 46 13 4
Ev×v×z (kV/m) -22 -9 8
Table 1: The structure of the three-layered electric field of the thunderstorm event.
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Figure 5: The footprint of Stokes V parameter, representing the circular polarization. The background color
shows the simulated results while the coloring in the small circles represents the data.
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Figure 6: The set of normalized Stokes parameters of a thunderstorm event as recorded with the LOFAR
LBAs (open red circles) is compared to the results of the CoREAS simulation (filled blue dots). σ denotes
one standard deviation error.
be decomposed into two components, along eˆv and eˆv×v×z. Therefore, measuring a component in
eˆv×v×z could thus be a reflection of a vertical field. However, a non-zero component in the eˆv×z
direction (see Table. 1) can never be a projection of a purely vertical electric field, and is thus a
genuine signature of a horizontal component.
4. Conclusion
At LOFAR we have measured a large circular polarization component near the shower axis
540
Circular polarization during thunderstorms O. Scholten1,2
in thunderstorm events while it vanishes near the core for fair-weather events. This is caused
by the fact that the orientation of atmospheric electric fields changes with height, which gives
rise to a rotation in the direction of the transverse current as the air shower proceeds towards the
surface of the Earth. Therefore, using the full set of the Stokes parameters strongly improves the
determination of the atmospheric electric fields in thunderclouds.
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The LOw Frequency ARay (LOFAR) observatory is a multipurpose radio antenna array aimed
to detect radio signals in the frequency range 10− 240 MHz. Radio antennas are clustered into
over 50 stations, and are spread along Central and Northern Europe. The LOFAR core, where the
density of stations is highest, is instrumented with the LOfar Radboud air shower Array (LORA),
covering an area of about 300 m diameter centered at the LOFAR core position. Since 2011 the
LOFAR core has been used for detecting radio-signals associated to cosmic-ray air showers in the
energy range 1016−1018 eV. Data acquisition is triggered by the LORA scintillator array, which
provides energy, arrival direction, and core position estimates of the detected air shower too. Thus
only the core of the LOFAR array is currently used for cosmic-ray detection.
In order to extend the energy range of the detected cosmic rays, it is necessary to expand the
effective collecting area to the whole LOFAR array. On this purpose, a detailed study about the
LOFAR potentialities of working in self-trigger mode, i.e. with the cosmic-ray data acquisition
trigger provided by the radio-antenna only, is presented here.
A new method based on the intensity and the frequency spectrum for determining the air shower
position to be implemented on LOFAR remote stations is presented too.
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1. Introduction
When a cosmic ray interacts with a nucleus of the Earth’s atmosphere, an Extensive Air
Shower (hereafter “EAS”) of secondary particles is started. Associated with the EAS, a radio sig-
nal is emitted through Geo-magnetic radiation and Askaryan process. It has been recently proven
that the primary particle properties, such as arrival direction, energy, and mass composition, can be
reconstructed by ground-based radio detector arrays [1, 2, 3] with an accuracy similar to current
cosmic-ray experiments. Compared to current EAS detectors, which are mainly based on Fluo-
rescence detection or a combined system of particle detectors and fluorescence detectors [5], [6],
[7], the main advantage of the Radio-detection technique is its duty cycle up to 100% and its con-
siderably lower construction and operational costs. On the other hand, given the duration of the
radio signal (less than 100 ns) and the overwhelming background noise of Radio-Frequency In-
terferences (hereafter “RFI”) for most of the available locations, the direct detection of EAS with
radio detectors only has been very difficult so far. An additional issue is set by the need of a very
accurate EAS core position reconstruction during the analysis of the radio data. Therefore, particle
detectors have often been used in combination with radio antennas.
The LOw-Frequency ARray (LOFAR) [8] is a multipurpose radio antenna array aimed to de-
tect radio signals in the frequency range 10−240 MHz. Radio antennas are clustered into over 50
stations, and are spread along Central and Northern Europe, with a higher density in the Northern
Netherlands. Each LOFAR station is equipped with 96 omnidirectional Low-frequency Band An-
tennas (hereafter “LBA”), operational in the 10−90 MHz frequency band, and 96 High-frequency
Band Antennas (hereafter “HBA”), operational in the 120−240 MHz frequency band. Both HBA
and LBA have two polarization arms (hereafter “dipoles”) NE-SW and NO-SE oriented but, due
to the different antenna geometry, only LBA can observe the full-sky at once. Therefore, HBA
are rarely used for cosmic-ray detection and are not discussed any further in this work. During
standard astronomical observations, on each station only half of LBA are active in the so-called
“LBA inner” or “LBA outer” configuration, as shown in Fig. 1-left, with a large predominance of
LBA outer observations.
The LORA (LOfar Radboud air shower Array) [4] particle detector array covers the region of the
LOFAR core, i.e. the region with the highest density of stations, corresponding to a circular area
of about 300 m diameter as shown in Fig. 1-right. The main task of LORA is to provide the trig-
ger to the LOFAR array: when an EAS is detected, the time series data (∼ 2.2 ms length, 200
MSample s−1) of each active antenna polarization arm is downloaded for the offline cosmic-ray
analysis. Moreover, the arrival direction, energy, and core position provided by LORA are used
as starting values during the following radio data analysis. Since 2011 LOFAR antennas together
with LORA have been successfully used for detecting radio-signals associated to EAS in the energy
range 1016−1018 eV falling within the LOFAR core region [1, 2, 3]. Given the current configura-
tion, only a small fraction of the LOFAR array can be used for cosmic-ray detection. This sets a
strong limit to the LOFAR capabilities of detecting cosmic rays at energies above 1018 eV, where
a large coverage area is essential. Unfortunately, expanding the LORA array to cover the full LO-
FAR array is unfeasible, because of the costs. Moreover, due to the scattered distribution of the
LOFAR stations, the radio signal at ground level (hereafter “footprint”) of a cosmic ray falling out-
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Figure 1: Left: Antenna location in one LOFAR station for LBA inner and LBA outer configuration. Right:
LBA (black crosses), HBA (empty squares), and LORA detectors (red squares) position in the LOFAR core
region.
side the LOFAR core is quite likely detectable by one station only. Therefore, in order to extend the
cosmic-ray detection to the LOFAR remote stations, the following steps have to be implemented:
• a radio self-trigger system: a new trigger system based on the online analysis of the ra-
dio data, also known as “radio self-triggering”. The solution developed for LOFAR single
stations is described in Section 2;
• a single-station EAS core determination technique: the LOFAR cosmic-ray analysis is
very sensitive to the position of the EAS core. In case of single-station detection and no
particle detector available, the current LOFAR method is not expected to have the required
precision. The proposed new EAS core determination technique, based on radio pulse inten-
sity and frequency spectrum, is described in Section 3.
2. The Radio self-trigger system
2.1 The algorithm
In order to overcome the first addressed issue, an algorithm for triggering individual LOFAR
stations has been developed for the online recognition of cosmic rays. The developed algorithm
consists of two separate steps: in the first step radio pulses are found (“selection phase”), while
in the second one RFI-candidates, i.e. radio pulses which are believed to originate from RFI, are
rejected (“RFI rejection phase”). During the selection phase, the radio signal of each dipole is
compared with its baseline fluctuation: when a dipole shows a signal above the threshold, that
dipole is considered as “fired” . A radio pulse is considered as “detected” if at least 24 antenna
dipoles are fired along the same polarization within a coincidence time of 20 ns in the LBA inner
configuration or 30 ns in the LBA outer configuration. The RFI rejection phase is based on a
multi-criteria approach, consisting of evaluating the radio pulse duration, its frequency spectrum,
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its timing, and its arrival zenith angle. Radio pulses satisfying any of the following conditions are
treated as RFI and rejected:
• pulse duration: the time window where 3 or more antennas have a signal above threshold
within the coincidence time is larger than 75 ns (LBA inner) or 300 ns (LBA outer);
• frequency spectrum: the ratio between the station mean pulse intensity in the 30−45 MHz
frequency band and in the 45−70 MHz band is smaller than 1 or larger than 2;
• timing: the pulse occurs within 5 µs before/after another detected pulse;
• arrival direction: its reconstructed direction of arrival is more than 60◦ from the zenith.
If a detected radio pulse passes the RFI rejection phase, the station is considered “triggered” .
2.2 Analysis and Results
We considered the raw-data from the 4081 events recorded with LBA outer configuration and
the 634 events with LBA inner configuration, corresponding to about 9 s and 2 s LOFAR acqui-
sition live-time, respectively. All those events have time, energy, position, and arrival direction
successfully reconstructed by LORA, and have at least data for all antennas of one LOFAR station.
Stations with one or more missing read-out channels have been discarded.
Four threshold levels, equal to 3, 4, 5, and 10 times the baseline RMS, have been considered for
the dipole “firing” condition. The detected radio pulses are considered cosmic-ray signals if oc-
curring within 5 µs before and 12.5 µs after the LORA time stamp. Any pulse falling outside
this time window is considered as RFI pulse. The results obtained for LBA inner and LBA outer
configurations are summarized in Table 1 and Table 2.
Threshold Level CR detections rejected CR detections RFI triggers after rejection
3 RMS 395 65% 0
4 RMS 246 36% 0
5 RMS 168 27% 0
10 RMS 51 35% 0
Table 1: Trigger performances for LBA inner configuration
Threshold Level CR detections rejected CR detections RFI triggers after rejection
3 RMS 1536 25% 4
4 RMS 899 21% 2
5 RMS 598 22% 2
10 RMS 196 24% 0
Table 2: Trigger performances for LBA outer configuration
For both LBA inner and LBA outer, the primary particle energy distributions of all the ana-
lyzed events and of the events generating a trigger in at least one station is shown in Fig. 2. The
distributions of the trigger efficiency as function of the distance on the shower plane from the EAS
core position is reported in Fig. 3 for the four considered threshold levels together with the detection
efficiency of the LOFAR offline analysis.
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Figure 2: Primary particle energy distributions for LBA inner configuration (left) and LBA outer configu-
ration (right), as reconstructed by LORA. The distribution of the whole set of events is shown together with
the distribution of triggered events at trigger threshold equal to 3, 4, 5, and 10 RMS.
Figure 3: Station trigger efficiency as function of the distance from the LORA reconstructed EAS core
position on the shower plane for LBA inner configuration (left) and LBA outer configuration (right) for
events of energy above 2 ·1017 eV. For both distributions the detection efficiency with the LOFAR radio-data
offline analysis is reported too.
3. The EAS core determination
The current LOFAR method for determining the core position of an EAS triggered by LORA
and detected by LOFAR is based on an iterative analysis of the intensity Lateral Distribution Func-
tion (hereafter “LDF”) of the radio footprint, as discussed in [9] and [2]. The method has been
optimized for cosmic rays falling within the LOFAR core region, that means with over 300 avail-
able antennas covering an area of approximately 300 m diameter. That method is not expected
to work with the required accuracy for EAS detected by remote stations, where only 48 antennas
concentrated on an area of approximately 80 m diameter are available.
From analytical calculations [10] the frequency spectrum of the radio footprint is expected to be
function of the distance from the EAS core. Encouraging results have been obtained on that aspect
by the Pierre Auger Observatory [11] and by LOFAR [12]. The new proposed method combines
the analysis of the radio-pulse intensity, similarly to what is currently done, with the study of the
radio-pulse frequency spectrum. The method is subdivided in the following steps:
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1) pulse timing: on each active antennas, the peak of the sampled signal gives the time of
the radio pulse t0. Knowing the geometrical position of the antennas and by fitting the dis-
tribution of the found t0 values with a plane wavefront, the cosmic ray arrival direction is
determined;
2) pulse frequency spectrum: the Fast Fourier Transform distribution (hereafter “FFT”) is
computed for each antenna in a time window of 128 recorded samples, defined as [t0 −
240 ns, t0+ 400 ns). A linear fit is performed on the logarithm of the FFT squared module
distribution, i.e. log10 |FFT|2, in the 33-70 MHz frequency range. The frequency range has
been selected to minimize both the RFI-contamination and the border effects of the antenna
pass-band filter. The value of the slope s of the linear fit is then extracted;
3) pulse intensity: for each antenna, the intensity of the detected radio pulse is given by the
S/N parameter, given by the formula
S/N =
∫ 70 MHz
33 MHz
|FFTS|2−|FFTN |2dν∫ 70 MHz
33 MHz
|FFTN |2dν
where |FFTS|2 is the squared module of the FFT of the radio pulse, as described at previous
point, and |FFTN|2 is the average of the squared module of the FFT computed in 400 time
windows of 640 ns equally distributed before and after the radio pulse occurrence. Antennas
showing S/N < 1 are discarded from the analysis;
4) parabolic fit: the dependence of the parameter ζ (d), defined as
ζ (d) =
log10 (S/N)
log10 (−s)
versus the distance from the EAS core on the shower plane d is well represented by a
parabolic function By setting the position of the shower core (X0, Y0) a priori, a parabolic
fit of the distribution of the parameter ζ (d) is performed, and the corresponding χ2 value
computed. By repeating the fitting procedure for different (X0, Y0) positions, the final EAS
core position in the shower plane is given by the (X0, Y0) value minimizing the χ2 value.
In Fig. 4-left the distribution of the ζ parameter versus the distance from the shower core is shown
together its best parabolic fit for one well reconstructed EAS (E = 2.9 ·1017 eV) falling within the
LOFAR core region. In Fig. 4-right the χ2 value distribution on the shower plane is reported for
the same event, with the obtained EAS core position (X0, Y0) marked with a black star.
4. Conclusions and Outlook
A detailed study about the potential to record extensive air showers with LOFAR in self-
trigger mode has been carried out. For both LBA inner and LBA outer for cosmic-ray energy
above 2 ·1017 eV, a good trigger efficiency together with a very good RFI-rejection efficiency has
been obtained. By considering data acquired during fair-weather conditions only, one RFI pulse
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Figure 4: Left: distribution of the ζ parameter versus the distance from the shower core together its best
parabolic fit (in red) for a well reconstructed EAS falling within the LOFAR core region. Right: χ2 distri-
bution of the parabolic fit as function of the EAS core position on the shower plane along the~v x ~B and the
~v x~v x ~B directions, where~v is the cosmic ray moving direction and ~B the Earth’s magnetic field. The black
star indicates the reconstructed core position. In the shown coordinates system, position (0, 0) is the core
position as reconstructed by the current LDF analysis.
passed the rejection criteria only (THR = 3 RMS, LBA outer configuration). However, the available
statistics is too low (∼9 s LOFAR live-time or ∼119 s summing up all available stations for LBA
outer, and ∼2 s LOFAR live-time or ∼22 s summing up all available stations for LBA inner)
for concluding that the desired RFI rejection efficiency has been achieved. Low threshold data
acquisitions are planned to be performed on one LOFAR test station for increasing the available
statistics.
The results obtained about a new air shower reconstruction method are encouraging, even
if still preliminary. It has been shown the ζ parameter can be used for the EAS core position
determination. The following step will be to determine the accuracy of the new method compared
to the current ones and, afterwards, to apply the new method to single-station cases.
Once the RFI trigger rate is found to be smaller than 1 per hour per station and the new method
for the EAS core determination is fine-tuned, the self-trigger algorithm will be implemented to the
LOFAR remote stations, in order to extend the LOFAR cosmic-ray collecting area.
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The LOFARRadboud Air Shower Array (LORA) consists of 20 plastic scintillators and is situated
at the core of the LOFAR radio telescope. LORA detects particles from extensive air showers and
triggers the read-out of the LOFAR antennas. The dense LOFAR antenna spacing allows for
detailed sampling of the radio emission generated in extensive air showers, which yields high
precision reconstruction of cosmic ray properties and information about the shower development.
We discuss the proposed expansion of LORA, including the addition of scintillator units and
the implementation of triggering algorithms that will probe more details of the radio emission
and detect lower energy showers without introducing a composition bias, which is important for
studying the origin of cosmic rays.
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1. Introduction
As air showers develop in the atmosphere, radio emission is generated through the charge
excess effect and the transverse current induced by the magnetic field of the Earth. The resulting
pattern of radiation on the ground is highly structured and information about the primary cosmic ray
can be extracted from radio data [1]. Radio techniques have been used to reconstruct the energy,
geometry, and composition of cosmic rays with high precision [2]. The LOw Frequency ARray
(LOFAR) is particularly well suited to study radio emission from cosmic rays because of its dense
antenna spacing [3, 4]. LOFAR is optimal for detecting air showers with energies between 1016
and 1018 eV where the transition from galactic to extra-galactic cosmic rays is expected to exist.
The LOfar Radboud Air shower array (LORA) is deployed in the LOFAR core as a means to
trigger the LOFAR array and provide information about the primary cosmic ray based on particle
data [5]. LORA data has been used to construct the cosmic ray energy spectrum between 1016 and
1018 eV [6]. Because of the steeply falling cosmic ray spectrum, most triggered events are low
in energy, around 1016 eV, where the radio signal is unlikely to be detectable above background
noise. Additionally, a composition bias is introduced in the triggering scheme. We propose to add
additional scintillators to the array in the LOFAR core, with the goal of increasing the usability of
triggered events.
2. LORA
LORA currently consists of 20 plastic scintillators, 0.95 m × 0.95 m in size, arranged in 5
stations of 4 detectors. The scintillators were previously used in the KASCADE experiment [7].
Each LORA station is associated with a LOFAR low-band antenna (LBA) station and has an inter-
scintillator spacing between 50 m and 100 m. The entire array spans 300 m across the LOFAR
superterp, as shown in the left panel of Figure 1. LORA provides a trigger for LOFAR antenna
readout when a given number of detectors have a strong enough signal to noise ratio. The threshold
level for detection roughly corresponds to the amount of energy deposited in a scintillator by one
muon. When at least one LORA station detects a signal in at least 3 out of 4 scintillators, informa-
tion from all the stations is sent to a master computer. A high-level trigger is then formed to read
out data from the active LOFAR antennas. Currently, LOFAR is triggered when 13 out of 20 scin-
tillators have a signal. The trigger condition influences the trigger rate and the energy threshold for
detection. The current condition ensures that the data read out rate at LOFAR remains manageable
while minimizing triggers from events with energy lower than 1016 eV.
At present, 19% of triggered events have a detectable cosmic ray radio signal, as determined
by the data reduction pipeline [3]. This point is demonstrated in the right panel of Figure 1. The
detected flux of cosmic rays with usable radio signals is shown, where the event energies are re-
constructed using a fit to a two dimensional radio LDF [2, 8]. Radio signals become detectable
above 1016.5 eV. It is useful to compare events with usable radio signal with all events triggered
with LORA. To do this, simulated air showers are used. Details of the simulation process are dis-
cussed in Section 3. Simulated flux is scaled to the measured data at 1017.5 eV because the time
of detection, and therefore flux, is not known, as operating conditions vary and are not continuous.
The comparison illustrates that events with energies above 1017 eV generally have a strong enough
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Figure 1: Left: Layout of the LORA array and LOFAR antennas in the superterp. Blue squares represent
LORA detectors, black x’s represent LBA antennas, and black boxes represent HBA antennas. Right: Mea-
sured and simulated cosmic ray fluxes. For measured LORA events, marked with blue crosses, all events
with a detectable radio signal are included. For simulated events, the total flux of cosmic rays is multiplied
by the probability of triggering LORA and scaled to the measured data at 1017.5 eV, since the time frame of
detection is unknown. 19% of triggered events are above 1016.5 eV, and therefore have a likely detectable
radio signal. The dashed line represents the total cosmic ray flux.
radio signal to be detected, and that the majority of triggered events do not have a detectable radio
signal.
In order to trigger on only the high energy showers, the number of detectors necessary to form
a LOFAR trigger could be increased. However, this reduces the trigger rate to an unnecessarily
low level. Additionally, there is a bias introduced by the number of detectors required for a trigger.
Since light primaries generally interact later in the atmosphere than heavy primaries, more shower
particles reach the ground detection level. Therefore, light primary cosmic rays are more likely to
trigger LORA than heavy primaries, as shown in Figure 2. Here, the probability of an event within
250 m of the LOFAR core triggering is plotted as a function of the number of detectors required for
a LOFAR trigger. Below 1017 eV, the probability of triggering 13 detectors is different for proton
and iron primaries, and so a bias is introduced. It would be optimal to have a clean sample for
energies down to 1016.5 eV, which is interesting for source transition studies. In practice, some
detected events have cores outside of 250 m radius, and so composition bias has to be studied on
an event by event basis.
3. Simulations and Design consideration
Simulations have been used to determine the optimal layout of the LORA expansion. Air
showers are generated with CORSIKA [9], using QGSJET II-04 [10] for energies above 200 GeV
and FLUKA [11] for lower energies. Showers for proton and iron primaries are simulated for
energies between 1015 and 1019 eV and for zenith angles between 0◦ and 45◦. The flux is weighted
to a -3 spectral index. Thinning is used at a level of 10−6 [12]. For each shower, all ground level
particles are projected into the shower plane, and collected in radial bands of 5 m. A GEANT4 [13]
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Figure 2: Probability of triggering a minimum number of detectors. Solid lines represent proton showers and
dashed represent iron showers. Left: Zenith angles between 0◦ and 30◦. Right: Zenith angles between 30◦
and 45◦. The different colors represent different energy bands, as indicated in the legend as log(energy/eV).
simulation with realistic LORA scintillator geometry is used to convert the particles at ground level
into an energy deposit per m2 as a function of radius to the shower core in the shower plane. Each
shower is then given 100 random positions within 2000 m of the center of the superterp. This
distance is chosen to ensure that not all showers trigger LORA. The positions of the detectors are
projected into the shower plane and assigned an energy deposit based on their position relative to
the shower core.
For each shower, the number of detectors with signal is calculated. The current LORA signal
threshold is the average energy deposited by one muon. Therefore, the simulated detectors are
considered to contain a detectable signal if they contain the energy deposit of at least one muon,
which from simulation is 6.4 MeV. The total energy in the detector is divided by this number, and
then the final muon content of the detector is drawn from a Poisson distribution.
The placement of additional detectors on the ground is dictated by logistical considerations.
Detectors can only be placed on land around current LOFAR stations, and must not interfere with
current operations. Digitizing electronics are most convenient to use in sets of 2 or 4. For this
reason, additional stations consist of 4 scintillators and are simulated in the locations of LOFAR
LBA fields in rings of radius 50 m, as shown in Figure 3. In total 20 detectors are available for the
expansion.
Figure 3: Simulated positions of detectors in additional stations.
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New LORA layouts are achieved by adding new stations of four scintillators. This document
includes 6 arrangements of note, as seen in Figure 4. The naming system indicates the total number
of scintillators included. These arrangements were chosen to study the effects of detector spacing
and the total number of scintillators used. For example, arrangement 40b has 5 new stations with
farther spacing than 40a.
Figure 4: Arrangements of simulated LORA arrangements. Green squares represent scintillators, and blue
crosses mark the center of LOFAR LBA stations. Notice the scale on arrangement 24a is different to show
the infill of the current LORA arrangement.
For 19 energy bins between 1015 eV and 1019 eV, the probability of a minimum number of
detectors having a signal is determined. This probability is multiplied by the cosmic ray flux in
each energy bin. From this information, we study the trigger rate, triggered flux, and probability of
triggering a minimum number of detectors. The aim is to increase the number of unbiased events
above 1016.5 eV, which are more likely to have a detectable radio signal, while maintaining the
current event rate.
4. Results
We first look at the expected trigger rate for each arrangement. The left panel of Figure 5
shows the trigger rate in Hz for a minimum number of detectors triggered. For example, the current
trigger condition is 13 detectors with a signal, an the current trigger rate is ∼ 0.8 events/hour.
LORA stations outside the superterp have 4 scintillators each, so when the trigger condition is 4
or fewer, the trigger rate for arrangements with more stations increases, while 24a remains similar
to the current LORA rate. As the trigger condition increases, 24a has a high trigger rate than
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the others, since one air shower that triggers at least 8 detectors will likely also include the infill.
The conclusion is that the trigger rate for any LORA extension remains manageable, although the
trigger condition may need to be increased.
Secondly, we look at the number of cosmic rays that will be detectable in different energy
bins. The right panel of Figure 5 shows the triggered flux multiplied by energy for different ar-
rangements. Since the flux depends on the trigger conditions, here we have used the condition that
keeps the trigger rate at 1 event/hour. For condition 24a, 36a, and 40b it is 15 detectors. For 36b,
and 40c this is 13 detectors, and for the current set up and 40a it is 12 detectors. Arrangement 24a
collects a larger flux at low energies and offers no more improvements at high energies. Arrange-
ment 40b, which is the option featuring the most widely spread out stations, performs similarly to
LORA at low energies and then shows an improvement at the highest energies, where the particle
footprint is large enough to encompass all the detectors. Arrangements 40c, 40a, 36a, and 36b
show improvement in the whole range from 1016 to 1018 eV, with 40c performing the best.
Figure 5: Left: Event rate for a minimum number of detectors required for a trigger. Right: CR flux
multiplied by the probability of triggering. The trigger condition is chosen to keep the rate under 1 event per
hour, and so different detector arrangements have different conditions.
Finally, we look at the probability of detection for different trigger conditions. For an area
of 250 m around the center of the superterp, where 95% of event cores are currently located, the
probability of detecting proton and iron showers between 1016.4 and 1016.6 eV is shown in Figure 6.
This is the lowest energy band of interest, and higher energies will already have less intrinsic bias.
Only arrangements 24a, 36b, an 40c are shown. At a trigger condition of 13 out of 20 detectors,
an increase in probability of detection is already evident, particularly for zenith angles below 30◦.
Again, since not all cores are contained in the 250 m radius, it is necessary to determine bias on
a case by case basis, however, increasing the probability of detection for both heavy and light
primaries lessens the chance of a biased detection.
5. Science Outlook
Considering the cases of arrangements 24a, 36b, and 40c, we can determine the increase
in events above 1016.5 eV. Table 1 contains the percentage of simulated, triggered events above
1016.5 eV based on the trigger condition that yields one event per hour, and the percent increase
over the current LORA performance. The 24a detector arrangement performs worse than the cur-
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Figure 6: Probability of triggering a minimum number of detectors. Solid lines represent proton and dashed
represent iron. Left: Zenith angles between 0◦ and 30◦. Right: Zenith angles between 30◦ and 45◦. The
different colors represent different detector arrangements, all in the energy bin 1016.4-1016.5.
rent set up, as lower energy showers show a signal in more detectors. The 36b and 40c arrangements
both have a significant increase in good events.
Det. Arr. % good events % increase
20 19.0 0
24a 17.3 -10
36b 26.7 40.5
40c 27.6 45.3
Table 1: Percentage of triggered events above 1016.5 eV, and the percent increase over current performance.
In addition to the increase in good events, there is other scientific value in expanding LORA.
Showers with cores outside the superterp will trigger LOFAR, which allows the dense antenna
area in the superterp to sample the fringes of the radio footprint. Since the radio emission outside
the Cherenkov cone is less compressed there, the radio pulses contain information about the early
development of the shower. Additionally, more complicated trigger algorithms are possible. For
example, requiring a specific subset of detectors to contain a signal, rather than a simple minimum
number of detectors, allows for the possibility of triggering on specific shower geometries with
desirable qualities for radio emission, such as larger zenith angles where the radio footprint is
broader. In summery, the expansion of LORA increases the amount of data with a quality radio
signal, and offers further possibilities of probing the radio footprint.
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When a cosmic particle hits matter it produces radio emission via the Askaryan effect. This allows
to use Earth’s moon as detector for cosmic particles by searching for these ns-pulses with radio
telescopes. This technique potentially increases the available collective area by several orders of
magnitude compared to current experiments. The LOw Frequency ARray (LOFAR) is the largest
radio telescope operating in the optimum frequency regime for corresponding searches. In this
contribution, we report on the design and status of the implementation of the lunar detection mode
at LOFAR.
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1. Introduction
The low intensity of the cosmic-ray flux at the highest energies (UHECR) is one of the major
challenges in answering the long standing open questions about their origin, acceleration, and
composition (e.g. [1]). The same challenge arises in testing specific theories on super heavy dark
matter [2, 3] and grand-unification [4] that predict an even lower flux of neutrinos with energies
beyond the Zetta-eV scale. Even the largest currently operating cosmic-ray experiments [5, 6]
detect only dozens of the highest energy particles per year, but cover already areas on the scale
of small nations. It is thus doubtful, that experiments with an increase of more than an order of
magnitude in sensitive volume can be realized on Earth.
Searching beyond Earth’s atmosphere, a possible detector volume may be provided by Earth’s
moon, as particle interactions in the lunar rock emit a radio signal emitted by the Askaryan ef-
fect [7]. These radio signals can be recorded by an antenna array on the Moon’s surface, or pos-
sibly cheaper with by radio-observatories on Earth [8]. Previous searches with Earth-bound radio
telescopes have established only upper limits limits on the ZeV-scale neutrino flux, and have not
been sensitive enough to constrain underlying production models or to observe UHECR [9–13].
An important limiting factor for these experiments is the frequency range of the used tele-
scopes. While at GHz frequencies the expected pulse amplitude reaches a maximum, the pulse
cannot escape the moon on most of its surface. The high frequencies are strongly beamed in di-
rection of the Cherenkov angle, while the lower frequencies are emitted in a broader cone. As the
critical angle of total internal reflection is identical to the Cherenkov angle, only radiation which
strikes the surface at an acute angle with respect to the surface normal is emitted by the Moon. The
lower frequencies can thus reach Earth at a wider range of impact angles of the primary particle
than the higher frequencies. Also, as the lunar rock is more transparent to lower frequencies, the
diminished signal amplitude is greatly outweighed by the increase in effective detector volume.
Together, this results in an improved sensitivity of searches with telescopes operating at lower fre-
quencies compared to searches that used higher frequencies. The optimal frequency range for lunar
observations thus includes frequencies just above approximately 100MHz [14].
2. The LOw Frequency ARray
The currently largest telescope covering the optimal frequency range for lunar detection of
cosmic particles is the LOw Frequency ARray (LOFAR) [15]. As the first fully digital radio tele-
scope, LOFAR contains no moveable dishes, but consists of fixed antenna arrays whose signals are
directed into beams by digital processing.
The antennas arrays are grouped into multiple stations distributed throughout the Nether-
lands and with additional stations in France, Germany, Poland, the United Kingdom, and Sweden.
Twenty-four of the stations are located in a dense core with an diameter of approximately 2 km in
the Netherlands. The additional stations are distributed with increasing distances to this core yield-
ing a maximum baseline of 1292 km. However, for lunar particle detection only the core stations
can be used, as the data has to be processed in realtime and only the core stations are connected
sufficiently fast.
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Each core station is equipped with fields of 96 low-band antennas (LBAs) with a frequency
range from 10-90MHz and fields of 192 high-band antennas (HBAs) with a frequency range
from 110-240MHz. The signal received by the antennas is sampled in intervals of 5 ns and copied
to a ring buffer of 5 s length at antenna level before being processed further. The signals of the in-
dividual omni-directional antennas are then filtered into sub-bands by a polyphase filter (PPF) and
combined into a single beam of approximately 5◦ width at 120MHz per station pointing towards
a user-defined direction in the sky. A selection of sub-bands is then transmitted to a computing
cluster for further processing as e.g. combining the station beams into smaller ‘tied-array’ beams
and integrating the signal over longer time spans. Each station thus assumes the role of a single
dish in a classical radio telescope.
3. Lunar Detection of Cosmic Particles with LOFAR
The lunar detection of cosmic particles with LOFAR faces several technical challenges. To
maximize the effective area the signals of multiple stations have to be combined. As this reduces
the size of the individual beams, multiple beams are required to cover the entire Moon. As each
station, respectively beam, produces data with a rate of more than 6.4Gbit s−1, analysis of the data
in real-time is required as only selective storage of the data is possible. Signals originating from the
moon are dispersed in the Earth’s atmosphere. Triggering on the amplitude of a pulse thus requires
correction for the dispersion. The pulse from a particle interaction is of only ns duration. By the
PPF the time-resolution of the signal is reduced from 5 ns to only about 5 µs in the individual sub-
bands. Therefore, the inversion of the PPF is required for the lunar detection of paticles. However,
the inversion is not a loss-less procedure. We therefore use the recovered ns resolution signal only
to trigger the read-out of the Transient-Buffer-Boards containing the original ADC traces. The
offline analysis will thus not be limited by the accuracy of the PPF inversion which may produce
artefacts, but all realtime-processing, i.e. beamforming, PPF inversion, ionospheric de-dispersion,
and triggering has to be done within 5 s.
Station
Dump TBB
Station
Dump TBB
Station
HBA Antennas
ADC
Polyphase Filter
Station Beamformer
Select Subbands
Computing Cluster
Tied Array Beam
Invert Poly. Filter
Ion. Dedispersion
Trigger Logic
Dump Buffers
Blockl of 
lubbcnd lpectrc
24 x 6.2 Gbit/l
Trigger ligncl
Figure 1: Overview of the online data analysis processing steps for the detection of ns-pulses with LO-
FAR [16].
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The resulting sequence of the data processing steps necessary for the lunar detection of cosmic
particles with LOFAR is sketched in figure 1. After transfer to the computing cluster, the station
beams, each covering the full moon, will first be combined into multiple smaller beams, each
focussed on a small fraction of the moon. The signal in ns resolution within each beam will then be
recovered by inversion of the PPF, before the signal will be de-dispersed and eventually a trigger
will be sent.
Prototypes for all necessary processing steps before the trigger have been developed. For the
trigger we for now assume only a simple threshold excess. The real-time signal processing will
require several thousand GFLOPs−1 of computing power per beam. Here, inversion of the PPF
is the most costly operation [17]. This required processing power is not available on the regular
LOFAR processing machines, but the adjacent DRAGNET CPU/GPU cluster [18] designed for
pulsar searches. However, the network connection limits the amount of data that can be processed
in realtime on DRAGNET. Therefore a subset of 5–7 stations has to be selected for online analysis.
4. Station Selection and Beam Properties
The choice of LOFAR stations defines the properties of the individual beams and herby the
quality of the received signal. For lunar detection of cosmic particles, the following beam properties
are desirable. As we can process 48 beams at maximum with the available computing power, the
beam-size has to be symmetrical and of approx. 0.5◦ size to be able to cover the full moon.
As only 5 out of 48 substations can be used, 1712304 possible combinations exists which are
too many to study individually in detail. However, based on the station position and orientation
several combinations can be excluded without detailed simulation.
For LOFAR, the beam-size at wavelength λ can be estimated to
ΘFWHM = .8
λ
L
(4.1)
based on the maximum baseline between the stations L [15]. We consequently do not consider
combinations with a maximum baseline below 1000m and above 2000m.
To achieve symmetry, the selected stations have to be arranged in a circular pattern as other-
wise the beam-shape is also elongated. To quantify this behavior, we use the length of the resultant
R= 1N ‖∑i~vi‖ from the ensemble of station positions relative to the geometrical center of the subset
of stations (cf. e.g. [19]).
In addition, the included baselines and station orientations should be uniformly distributed to
minimize sidelobes. We again use the length of the resultant calculated from the station orientations
to quantify the distribution of orientations. To quantify the uniformness of the distribution of
baselines we use the standard Kolmogorov distance.
Using these variables as preselector, we calculated the beams of few selected combinations to
find a suitable combination of stations. Figure 2 (a) shows the beam of a combination of stations
that is acceptable in the maximum beam-size and has an above average uniformity of distribution
of baselines, but has a directed distribution of beam-lines. Consequently the gain patterns are
also directed, and several sidelobes are visible. The example beam shown in figure 2 (b) has good
values also for the directions of the stations and beam-lines, resulting in asymmetric beam with few
sidelobes. The corresponding stations are marked in the map of HBA stations shown in figure 3.
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Figure 2: Example beams from different combinations of stations as indicated in figure 3. The dashed line
marks the size of Earth’s moon.
52.9◦N
52.92◦N
6.85◦E 6.9◦E
Figure 3: Map of the LOFAR core based on data by OpenStreetMap [20]. LOFAR HBA fields are marked
with squares. Red markers correspond to station selection as in beam example fig. 2 (a), blue markers
correspond to station selection as in beam example fig. 2 (b). Stations marked in black are not used in the
examples.
The preselected combinations still have a large diversity in the properties of the beam and
sidelobes. The final choice of stations will depend on the results of simulations of different trigger
possibilities, with the achievable sensitivity as the deciding metric.
5. Expected Sensitivity
Currently, the best estimate of the expected sensitivity to cosmic particles with lunar obser-
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Figure 4: Existing limits (solid lines) on the flux of ultra high energetic neutrinos of previous observa-
tions [21, 22] and estimated limits for future observations (dashed and dotted lines). Model predictions
for the flux of neutrinos from interaction of cosmic rays with background photons (GZK+) [23], cosmic
strings [24], and super heavy dark matter (SHDM) [3] are marked as shaded areas.
vations is obtained following the procedure used in [25, 26]. Here, analytical approximations for
multiple experiments are derived based on small angle approximations and constant transmission
coefficients. While these approximations reproduce some features of early Monte Carlo simula-
tions, the simplifications are valid only for large frequencies and may be in particular uncertain
with the low observation frequencies used here. However, while the absolute scale of the sensi-
tivity is uncertain, the approximation can be used to estimate the relevance of individual design
choices.
In contrast to the revised calculation of the LOFAR sensitivity Bray 2016 [26], we here as-
sume triggering on the coherently added polarizations and a trigger threshold nσ = 6.4 instead of
nσ = 12.4 yielding a trigger rate of 1min−1. Furthermore, the previous estimate was based on a
bandwidth of 48MHz, while now 78.125MHz can be used. The combined effect of these changes
of parameters is shown assuming 5 and 48 substations in figure 4 for 200 h of observation. While
the reduction of the total effective area to Aeff ≈ 2150m for a moon elevation of 56◦ significantly
reduces the expected sensitivity to using the full LOFAR array, the improved bandwidth and trigger
assumptions still yield an improvement compared to the previous estimate.
6. Conclusion
Using the moon as detector that is read-out by Earth based radio telescopes still provides
a chance to significantly increase the sensitive volume to detect high energetic cosmic particles.
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However, conducting measurements with existing telescopes faces several technical challenges, as
these instruments are not designed to operate on nano-second timescales. Nevertheless, observa-
tions with LOFAR, the currently most sensitive instrument, are currently in preparation. These
observations can likely meet or exceed the previously estimated sensitivity.
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